Abstract The tumor necrosis factor (TNF) receptor super family comprises of members that induce two distinct signaling cascades, leading to either cell survival or apoptosis. However, in prostate cancer (PCa), TNF-mediated prosurvival signaling is the predominant pathway that leads to cell survival and resistance to therapy. Although inhibition of TNF signaling by pharmacological agents or monoclonal antibodies has gained importance in the field of cancer therapy, toxicity to normal cells has impaired their extensive use for cancer treatment. We previously identified a natural, nontoxic compound psoralidin that inhibited viability and induced apoptosis in androgen independent prostate cancer (AIPC) cells. Thus, the goal of our study is to investigate whether psoralidin inhibits TNFmediated prosurvival signaling in AIPC cells. Our results suggest that psoralidin inhibits constitutive and TNFinduced expression of TNF-a and its downstream prosurvival signaling molecules such as NF-jB and Bcl-2 in AIPC cells. On the other hand, psoralidin simultaneously induces the death receptor (DR)-mediated apoptotic signaling eventually causing the activation of caspase cascade and resultant induction of apoptosis. Oral administration of psoralidin inhibits expression of TNF-a and NF-jB/p65 in tumor sections, resulting in tumor regression in PC-3 xenografts. Our results suggest that psoralidin inhibits TNF-mediated survival signaling in AIPC and thus is a potent therapeutic agent for prostate cancer.
Introduction
Tumor necrosis factor-a (TNF-a), a potent proinflammatory cytokine, exists both in a membrane-bound and soluble form and is released by various immune and nonimmune cells [1] . Based on the stimuli, TNF-a can function both as a prosurvival and proapoptotic factor thereby leading to cell survival or cell death. Elevated levels of TNF in the serum of cancer patients [2] and increased expression of TNF in pre-cancerous and tumor tissues [3] have been extensively reported, implying that TNF plays a major role in tumor progression. High expression of TNF-a has been correlated with proliferation and survival of malignant cells, stimulation of angiogenesis and metastases and alteration of response to chemotherapeutic agents [4] . Activation of several pathways, namely NF-jB [5] , PKC-a, AP-1 [6] , or ROS production [7, 8] , by TNF has been established in many cancer types including PCa.
Cellular response to TNF is mediated by either TNFR1 or TNFR2 [9] ; the receptors have no homology in their intracellular domains, suggesting that they may activate different intracellular signaling pathways within a cell. Canonical TNF signaling consists of ligand binding and activation of its concomitant receptor that results in the recruitment of TRADD. TRADD in turn recruits TRAF2, RIP, FADD, cIAPs and A20 to the ligand/receptor [10] complex, which results in the activation of proteases, phospholipases, protein kinases and transcription factors [11] that are involved in the regulation of several physiological processes. On the other hand, TNF has the ability to cause apoptosis by clustering of death domain-containing proteins leading to caspase activation and resulting in the disruption of tumor vasculature [12] . Considering the diverse role of TNF in tumor initiation, development, progression, angiogenesis and metastasis, targeting TNF signaling may be an important step towards both cancer prevention and therapy.
Several inhibitors of TNF-a like Infliximab, Etanercept, Adalimumab and thalidomide have been approved by the FDA for the treatment of various human illnesses [13] , but risk of toxicity, development of secondary cancers and severe allergic reactions [14] have raised important questions regarding TNF-a targeted therapy for cancer. However, several new approaches for targeting TNF are currently being investigated namely radio-inducible TNF-expressing adenoviral vectors for the treatment of inoperable pancreatic cancer [15] , NGF-hTNF that targets TNF to CD13 on blood vessels in the tumor for the treatment of colorectal cancer, liver cancer and mesothelioma, and also a modified TNF mutant that is administered intravenously that has been reported to show relatively less systemic toxicity [16] . Thus, investigating compounds that inhibit or overcome TNFmediated prosurvival signaling in various cancer types will be of significant value in treating various cancer types.
In this context, we have identified a natural compound, psoralidin, that is isolated from the seeds of Psoralea corylifolia, which has previously been reported to inhibit the PI3K/ Akt/NF-jB signaling pathway in prostate cancer cells [17] . Psoralea corylifolia Linn. (Family, Fabaceae), the source of psoralidin, has been extensively used in traditional medicine as an anti-inflammatory agent. It is well established that chronic inflammation plays a major role in the development of cancer, and thus we intended to investigate whether psoralidin overcomes the prosurvival function of TNF-a in AIPC. In this study, we investigated the role of psoralidin in TNF-mediated prosurvival signaling, and our results suggest that psoralidin overcomes TNF-mediated resistance and induces death receptor-mediated apoptosis in AIPC cells.
Materials and methods

Chemicals and reagents
Psoralidin, the test compound, was obtained as described previously [17] . Human recombinant TNF-a (hr TNF-a) and Caspase-9 inhibitor were purchased from Calbiochem (Gibbstown, NJ) and used at a concentration of 10 ng/ml and 10 lM, respectively. Caspase-3 inhibitor was purchased from Promega (Madison, WI), and a 10 lm concentration was used for the assays.
Cell lines and culture
Androgen independent prostate cancer cell lines PC-3 and DU-145 were purchased from American Type Culture Collection (Manassas, VA). Both cell lines were grown in RPMI 1640 supplemented with 10% fetal bovine serum and antibiotics. Immortalized normal prostate epithelial cells, PzHPV-7, were also obtained from ATCC and were grown in Keratinocyte medium obtained from Invitrogen Corporation (Carlsbad, CA). In all experiments, PC-3 and DU-145 cells were treated with 60 and 45 lM of psoralidin, respectively, unless indicated otherwise.
Cell viability and apoptosis assays PC-3, DU-145 and PzHPV-7 cells were plated in 6-well plates (3 9 10 5 cells/well) and treated with either vehicle (DMSO) or psoralidin for 24 h, and percentage of cell viability was determined using the trypan blue exclusion assay as described previously [18] . PC-3 and DU-145 cells (70-80% confluent) were treated with psoralidin alone, hrTNF-a alone or a combination of psoralidin and hrTNF-a for 24 h, and percentage of apoptotic cells were quantified using Annexin V-FITC staining and analyzed by flow cytometry as described previously [19] . Also, vehicle-and psoralidin-treated tumor sections [17] were subjected to TUNEL assay for which the Dead End Fluorometric TUNEL System was obtained from Promega (Madison, WI) as previously described [20] . Apoptotic cells were estimated after counterstaining with DAPI and mounted using VECTASHIELD Mounting medium (Vector laboratories, Burlingame, CA).
ELISA for NF-jB p65 protein levels PC-3 and DU-145 cells (70-80% confluent) were treated with psoralidin alone, hrTNF-a alone or a combination of psoralidin and hrTNF-a for 24 h, and endogenous levels of total NF-jB/p65 protein were detected using the PathScan Ò Total NF-jB/p65 Sandwich ELISA Kit (Cell Signaling Technology, Danvers, MA). Briefly, cells (70-80% confluent) were treated as mentioned above and whole cell extracts were obtained. Microwells were coated with NF-jB/p65 mouse monoclonal antibody overnight, which captures both phospho-and nonphospho-NF-jB/p65 proteins in the cell lysate. Microwells were washed extensively, NF-jB/p65 antibody was added, NF-jB/p65 protein was added and then an anti-rabbit IgG, HRP-linked Antibody was used to recognize the bound detection antibody. TMB substrate was used to develop the color for detection by absorbance at 450 nm. The magnitude of optical density was proportional to the quantity of total NF-jB/p65 protein.
RNA extraction and RT-PCR analysis
Total RNA was isolated from control and psoralidin (15 min-2 h)-treated PC-3 and DU-14 cells using Trizol reagent from Invitrogen Corporation (Carlsbad, CA). The RNA (1 lg) was subjected to reverse transcription using the Two-Step RT-PCR kit from USB (Cleveland, OH) and cDNA was synthesized. PCR primers were designed (PrimerQuest) and purchased from IDT (Coralville, IA), and GAPDH was used as the internal control for PCR. TNF cDNA was synthesized using the forward primer (5 0 -TGA ACC AGC CTT TAG TGC CTA CCA-3 0 ) and the reverse primer (5 0 -ACC ATG GTA CCC AGA CAT GCT CAA-3 0 ) using DNA Engine (MJ Research) thermo cycler.
Western blotting PC-3 and DU-145 cells (70-80% confluent) were treated with the IC 50 dose of psoralidin (60 and 45 lM, respectively) for varying time intervals or human recombinant TNF-a alone or a combination of psoralidin and TNF-a for 24 h, whole cell lysates were obtained using M-PER (Pierce Biotechnology, Rockford, IL) and Western blot analysis was performed using TNFR1, TNF-a, Fas, FasL, DR-4, DR-5, cIAP1/2, XIAP. p-survivin, Bcl-xL, Bid, Bcl-2, Bax and NF-jB/p65 antibodies from Santa Cruz Biotechnology (Santa Cruz, CA) and caspase-3, caspase-9 and PARP antibodies from Cell Signaling Technology (Danvers, MA). Additionally, PC-3 and DU-145 cells were treated with psoralidin for varying time intervals, mitochondrial and cytoplasmic fractions were extracted using mitochondrial extraction kit (Pierce Biotechnology, Rockford, IL) and the cytoplasmic fraction was subjected to Western blot analysis using a cytochrome c antibody from Santa Cruz Biotechnology (Santa Cruz, CA). Actin from Santa Cruz Biotechnology (Santa Cruz, CA) was used as the internal loading control for all the Western blotting experiments.
Fluorometry for caspase-3 activation PC-3 and DU-145 cells (70-80% confluent) were treated with psoralidin alone, caspase inhibitor alone or a combination of caspase-9 or caspase-3 inhibitors with psoralidin for 24 h, and caspase-3 activation was measured as described previously [21, 22] .
JC-1 staining
PC-3 and DU-145 cells (70-80% confluent) were treated with varying doses of psoralidin for 24 h and JC-1 staining was performed using the JC-1 Mitochondrial Membrane Potential Assay Kit from Cayman Chemical Company (Ann Arbor, MI) as per the manufacturer's protocol. Briefly, cells were treated with psoralidin and after treatment were harvested using trypsin, washed with PBS twice, resuspended in PBS and finally incubated with JC-1 stain (10 mg/ml) for 20 min at room temperature. Cells were then washed twice with PBS and analyzed by a Flow Cytometer (Becton-Dickinson) to detect green and red fluorescence at excitation/emission wavelengths of 485/530 and 485/590 nm, respectively. Mitochondrial membrane depolarization was indicated by a reduction in the red/ green fluorescence-intensity ratio. Psoralidin-treated PC-3 and DU-145 cells were subjected to JC-1 staining and shift in fluorescence was observed using confocal microscopy.
Immunohistochemistry
Five micrometer thick sections from vehicle-and psoralidin treated tumors from PC-3 xenografts obtained from our earlier study [17] were subjected to immuno histochemical analysis using TNF-a and NF-jB/p65 antibodies as described previously [23] .
Statistical analysis
All experiments were performed three times to ascertain the reproducibility of results. The data shown are representative of three experiments. The Student's t test was used to calculate statistical significance.
Results
Psoralidin downregulates the expression of TNF-a-mediated NF-jB activation in AIPC cells TNF signaling is well known for its survival function especially in PCa cells, and therefore we investigated the effect of psoralidin on the constitutive expression of TNF-a/TNF-R1 in PC-3 and DU-145 cells. In both PC-3 and DU-145 cells, psoralidin downregulated TNF-a expression in a time dependent manner for up to 24 h without altering expression of TNFR1 (Fig. 1a) . Next, we performed assays to determine the secreted levels of TNF-a expression in response to treatment with psoralidin using an ELISA. Our results show that treatment with psoralidin for 24 and 48 h significantly reduced secreted TNF-a when compared to control cells (Fig. 1b) . Additionally, RNA analysis in control and psoralidin treated AIPC cells showed a downregulation in TNF-a mRNA in psoralidin treated cells for up to 2 h when compared to control cells (Fig. 1c) . Previously, we reported that TNF-a induces NFjB activation in PCa cells [18] ; thus, we determined the effect of psoralidin on total levels of NF-jB/p65 expression and found that psoralidin significantly inhibits total levels of NF-jB/p65 expression (P value \ 0.01) in both AIPC cells [17] (Fig. 1d) .
Inhibitor of apoptosis proteins (IAP) [17, 24] and the Bcl-2 family [25] of proteins consist of pro-and anti-apoptotic proteins that determine the fate of a cell. Hence, we examined whether inhibition of TNF-mediated pro-survival signaling resulted in the downregulation of the downstream prosurvival signaling molecules. Treatment with psoralidin significantly decreased expression of cIAP1/2 in PC-3 when compared to DU-145 cells. On the other hand, a moderate downregulation of XIAP was observed in both AIPC cells. Additionally, psoralidin significantly decreased expression of Bcl-2 from 6 h onwards in both AIPC cells (Fig. 2) . These results suggest that psoralidin significantly decreases expression of prosurvival proteins in AIPC cells.
Psoralidin induces expression of death receptors and proapoptotic proteins in AIPC cells
Treatment of PC-3 cells with psoralidin showed a marked increase in the expression of FADD, DR4 and DR5 levels and a moderate increase in the expression of Fas and FasL (Fig. 3a) . In contrast, in DU-145 cells there was a marked increase in the expression of DR4 and DR5 but no significant changes in the expression of FADD, Fas and FasL were observed (Fig. 3a) . Additionally, psoralidin treatment caused a decrease in total Bid and a moderate upregulation in Bax in PC-3 cells but a marked increase in Bax expression in DU-145 cells (Fig. 3b) . Western blot analysis using the cytoplasmic fraction of control and psoralidin treated AIPC cells showed a significant increase in the expression of cytochrome c (Fig. 3c) indicating the involvement of mitochondrial membrane depolarization. Additionally, JC-1 staining of control and psoralidin-treated PC-3 and DU-145 cells was performed to confirm the involvement of the mitochondria in psoralidin-mediated apoptosis in AIPC Fig. 1 Effect of psoralidin on TNF-a and NF-jB in AIPC cells. a PC-3 and DU-145 cells (70-80% confluency) were treated with 60 and 45 lM psoralidin, respectively, for varying time intervals (3-24 h), and Western blot analysis was performed using TNF-a and TNF-R1 antibodies. Actin was used as the internal loading control. b PC-3 and DU-145 cells (70-80% confluency) were treated with 60 and 45 lM psoralidin, respectively, for 12, 24 or 48 h, and the supernatant was collected after the treatment periods, protein concentration in the supernatant was quantified and equal amounts of protein were subjected to sandwich ELISA for quantitation of secreted TNF-a levels in control and psoralidin-treated AIPC cells. c PC-3 and DU-145 cells (70-80% confluency) were treated with 60 and 45 lM psoralidin, respectively, for varying time intervals (3-2 h), and total RNA was isolated using Trizol method, cDNA was synthesized using two step RT-PCR and TNF-a mRNA expression was determined. d. PC-3 and DU-145 cells (70-80% confluency) were treated with 60 and 45 lM psoralidin, respectively, and cell lysates were subjected to sandwich ELISA for quantitation of total NF-jB protein levels in control and psoralidintreated AIPC cells. Bars represent mean ± SD Fig. 2 Effect of psoralidin on pro-survival signaling in AIPC cells. PC-3 and DU-145 cells (70-80% confluency) were treated with 60 and 45 lM psoralidin, respectively, for varying time intervals (3-24 h), and Western blot analysis was performed using cIAP, XIAP and Bcl-2 antibodies. Actin was used as the internal loading control cells. Our flowcytometry (Fig. 3d ) and confocal microscopy ( Fig. 3e ) data both reveal an increase in JC-1 monomers as seen by a shift towards green fluorescence indicating a disruption in the mitochondrial membrane potential of these cells following treatment with psoralidin.
Psoralidin induces apoptosis in AIPC cells by activating the caspase cascade
The consequence of activation of both the extrinsic and intrinsic apoptotic pathways is the cleavage and activation of effector caspases namely caspase-3, -6 and -7, which are proteases that result in cell degradation and eventual death [26] . Psoralidin treatment led to the activation of caspases-9, -8 and -3 and also a cleavage and inactivation of poly ADP-ribose polymerase (PARP) (Fig. 4a) in both AIPC cells. Caspase-3 activation studies using colorimetry indicated that inhibition of caspase-9 nullified psoralidinmediated activation of caspase-3 in both PC-3 and DU-145 cells (Fig. 4b) . Collectively, these results indicate that psoralidin causes caspase activation in both PC-3 and DU-145 cells thereby inducing apoptosis in these cells.
Control and psoralidin-treated cells were subjected to trypan blue staining to determine cell viability. Our results indicate that there was a significant decrease in the number Fig. 3 Effect of psoralidin on death receptor and apoptotic signaling in AIPC cells. PC-3 and DU-145 cells (70-80% confluency) were treated with 60 and 45 lM psoralidin, respectively, for varying time intervals (3-24 h), and Western blot analysis was performed using a FADD, Fas, FasL, DR4 and DR5 antibodies and b Bid and Bax antibodies. Actin was used as the internal loading control. c PC-3 and DU-145 cells (70-80% confluency) were treated with 60 and 45 lM psoralidin, respectively, for varying time intervals (3-24 h), and the cytoplasmic fraction of control and psoralidin treated cells were subjected to Western blot analysis using a cytochrome C antibody. d PC-3 and DU-145 cells (70-80% confluency) were treated with 40 or 60 lM and 25 or 45 lM psoralidin respectively for 24 h and JC-1 staining was performed using flowcytometry. Bars represent percentage of cells positive for green fluorescence (JC-1 monomers) ±SD. e PC-3 and DU-145 cells plated in 8-well chamber slides (70-80% confluency) were treated with 60 and 45 lM psoralidin, respectively, for 24 h, and JC-1 staining was performed and slides were analyzed by confocal microscopy Fig. 4 Effect of psoralidin on caspase signaling and viability of AIPC cells. a. PC-3 and DU-145 cells (70-80% confluency) were treated with 60 and 45 lM psoralidin, respectively, for 12 and 24 h, and Western blot analysis was performed using caspase-9, caspase-8, caspase -3 and PARP antibodies. Actin was used as the internal loading control. b. PC-3 and DU-145 cells (70-80% confluency) were treated with psoralidin alone, caspase inhibitors alone (3 or 9) and a combination of caspase inhibitors and psoralidin, and a fluorometric assay was performed to determine caspase-3 activation. Bars represent fold increase in caspase activity in each treatment group. c. PC-3, DU-145 and PzHPv-7 (70-80% confluency) cells were treated with varying concentrations of psoralidin, and cell viability was determined using Trypan blue assay. A dose-response curve was plotted, and each data point represents mean percentage of cell viability ±SD Apoptosis (2010) 15:153-161 157 of viable cells in a dose-dependent manner in both PC-3 and DU-145 when compared to PzHPv-7 (Fig. 4c) . These results are consistent with our previously published data [17] indicating that there is minimal batch to batch variability in the process of isolation of psoralidin.
Recombinant TNF-a induces NF-jB activation and psoralidin overcomes TNF-mediated resistance in AIPC cells
It is well established that treatment with TNF-a activates NF-jB in PCa cells. Therefore, we treated AIPC cells with human recombinant TNF-a followed by treatment with psoralidin. Our studies show that psoralidin inhibited TNFa-induced NF-jB expression as was seen by the colorimetric assay (Fig. 5a) ; this was further confirmed by Western blot analysis (Fig. 5b) . We previously published that treatment of AIPC cells with recombinant TNF-a significantly increases Bcl-2 expression, and neutralizing TNF-a expression using antibodies reduced Bcl-2 expression [18] . Thus, we intended to determine whether psoralidin downregulates TNF-a-induced Bcl-2 expression in AIPC cells. Western blot analysis showed a significant reduction in Bcl-2 expression upon treatment with psoralidin when compared to the control group; however, treatment with recombinant TNF-a showed a robust increase in Bcl-2 expression, which was again downregulated upon treatment with psoralidin (Fig. 5b) . Further we intended to determine whether psoralidin overcomes TNF-a-induced NF-jB/Bcl-2-mediated resistance and induces apoptosis in AIPC cells. Our results indicate that psoralidin significantly induced apoptosis in both control and hrTNF-a treated AIPC cells (Fig. 5c) . These results collectively indicate that psoralidin overcomes TNF-a-mediated expression of pro-survival molecules and thus induces apoptosis in AIPC cells.
Psoralidin inhibits TNF-a and NF-jB p65 expression and induces apoptosis in PC-3 xenografts
We previously published that psoralidin inhibits prostate tumor growth in a PC-3 xenograft model [17] . Our results suggest that oral administration of psoralidin (50 mg/kg) caused significant tumor regression in PC-3 xenografts (data not shown). Immunohistochemical analysis of vehicle-and psoralidin-treated tumor sections showed a significant reduction in the expression of both TNF-a (Fig. 6a) and NF-jB/p65 (Fig. 6b ) in psoralidin -treated sections when compared to control sections. Additionally, psoralidin induced a significant number of TUNEL positive cells when compared to tumors derived from vehicle treated control animals (Fig. 6c) . These results indicate that psoralidin inhibits tumor growth and induces apoptosis in tumor cells in vivo. were treated with psoralidin alone, recombinant TNF-a alone or a combination of recombinant TNF-a and psoralidin and cell lysates were subjected to sandwich ELISA for quantitation of total NF-jB protein levels in control and psoralidin-treated AIPC cells. Bars represent mean ± SD. b PC-3 and DU-145 cells (70-80% confluency) were treated with psoralidin alone, recombinant TNF-a alone or a combination of recombinant TNF-a and psoralidin, and Western Blot analysis was performed using TNF-a, NF-jB p65 and Bcl-2 antibodies. Actin was used as the internal loading control. c PC-3 and DU-145 cells (70-80% confluency) were treated with psoralidin alone, recombinant TNF-a alone or a combination of recombinant TNF-a and psoralidin and apoptotic cells were quantified using Annexin V-FITC staining. Bars represent mean ± SD
Discussion
Psoralidin belongs to the coumestan family of natural compounds and has several biological effects such as antioxidant, antidepressant, antibacterial and anticancer [17, [27] [28] [29] . In this study, we found that psoralidin downregulates TNF-mediated pro-survival signaling thereby resulting in the inhibition of cell growth and induction of apoptosis in AIPC cells. TNF family members play a dual role as survival and apoptosis mediators based on the stimuli. It has been reported that there are very high levels of secreted TNF-a in the plasma of PCa patients and also TNF-a is overexpressed in tumors derived from PCa patients and is therefore one of the major pro-survival pathways in PCa. The TNFR family can be subdivided into two groups: the members that cause cell survival (RANK, TNFR2 and CD40) and those that induce apoptosis (TNFR1 and Fas) [30] . In our results, we found that psoralidin downregulated TNF-a at RNA and protein levels in both PC-3 and DU-145 cells suggesting that psoralidin may transcriptionally regulate TNF expression in AIPC cells. Secreted TNF-a was also reduced following psoralidin treatment implying that psoralidin may abrogate the autocrine loop in AIPC cells. Previously, we reported that the natural compound curcumin inhibits the constitutive as well as radiation-induced expression of TNF-a in PCa cells [18] , thus these results suggest that psoralidin is yet another agent that modulates TNF-mediated survival of PCa cells.
TNF-a is one of the major activators of NF-jB, and published evidence suggests that NF-jB is activated within minutes upon stimulation by TNF-a in PCa cells [31] . Inhibition of TNF-a by psoralidin inhibited NF-jB p65 and other pro-survival signaling molecules including IAP Fig. 6 Effect of psoralidin on the expression of TNF-a and NF-jB/p65 in vivo tumor models. Tumors obtained from PC-3 xenografts treated either with vehicle control or psoralidin (50 mg/kg) were paraffin embedded and sectioned (5 lm). The paraffin sections were subjected to Immunohistochemistry to study expression of a TNF-a, b NF-jB/p65 and c TUNEL staining for detection of apoptotic cell death (cIAP and XIAP) and the Bcl-2 (Bcl-xL, data not shown) family of proteins. In addition, stimulation of AIPC with recombinant TNF-a induced NF-jB p65 expression and activation, which was also downregulated by psoralidin. These results underscore the fact that psoralidin overcomes TNF-mediated NF-jB activation and resultant resistance in AIPC cells.
Additionally, our results suggest that psoralidin not only inhibits TNF receptor mediated pro-survival, but also activates TNF family death receptor (DR4 and DR5) mediated pro-apoptotic machinery in AIPC cells. Although there was no significant change in TNFR1 expression in psoralidin treated PC-3 and DU-145 cells, we found a moderate increase in Fas/FasL and a marked increase in FADD, DR4 and DR5 resulting in the induction of apoptosis in AIPC cells. Published evidence strongly suggests that natural compounds trigger Fas-and death receptormediated apoptosis in PCa cells [32] . DR4 and DR5 activation recruits FADD, which in turn recruits pro-caspase-8 for auto activation. Cleaved and activated caspase-8 in turn triggers the mitochondrial apoptotic pathway through activation of caspases 9, 7 and 3 [33] . Our results show that psoralidin activated the caspase cascade in AIPC cells.
Pertaining to the role of caspases in psoralidin-induced apoptosis, specific caspase inhibitors for caspase-3, -8 and -9 were used that either completely or partially blocked caspase-3 cleavage and activation resulting in the inhibition of caspase-mediated PARP cleavage. These results indicate that caspase activation is an essential step in psoralidin-mediated apoptosis. The death receptor/Caspase-8 and the cytochrome C/APAF-1/caspase-9 are the two pathways that eventually activate downstream effector caspases to execute apoptosis [34] . Although these two pathways are distinguishable, there have been reports about caspase-8 activation being the primary apoptotic executioner while caspase induced cytochrome C release with subsequent activation of caspase-9 is a secondary pathway for induction of apoptosis [35] . Our results clearly suggest that psoralidin activates both intrinsic and extrinsic apoptotic pathways in AIPC cells. In general, cytochrome C release from the mitochondria to the cytosol activates caspase-9, which has been established as a major step in apoptosis [36] . We determined whether psoralidin induced caspase-9 activation was dependent on cytochrome C release or on activation of caspase-12. Our results show an increase in the expression of cytochrome C in the cytosolic fraction of psoralidin-treated AIPC cells in a time dependent manner. Additionally, evaluation of the mitochondrial membrane potential by JC-1 staining following psoralidin treatment revealed that psoralidin in fact disrupts mitochondrial membrane potential thereby resulting in cytochrome C release, caspase-9 activation, caspase-3 activation and thus induction of apoptosis. Additionally, our results indicated that psoralidin also induces caspase-8-mediated caspase-3 activation and resultant apoptosis.
Our in vivo results indicate that oral administration of psoralidin inhibited TNF-a and NF-jB p65 expression in PC-3 xenografts, which correlated with our in vitro findings. The number of TUNEL positive cells in psoralidintreated tumor sections was significantly higher when compared to the tumors from control animals suggesting that the tumor regression was due to the induction of apoptosis by psoralidin.
In conclusion, our findings suggest that psoralidin, a natural compound, overcomes the pro-survival effects of the TNF-a-mediated pro-survival signaling with a simultaneous induction of DR-mediated pro-apoptotic signaling resulting in the induction of apoptosis in AIPC cells.
